The ratio of the Higgs couplings to W W and ZZ pairs, λW Z , is a fundamental parameter in electroweak symmetry breaking as well as a measure of the (approximate) custodial symmetry possessed by the gauge boson mass matrix. We show that Higgs decays to four leptons are sensitive, via tree level/1-loop interference effects, to both the magnitude and, in particular, overall sign of λW Z . Determining this sign requires interference effects, as it is nearly impossible to measure with rate information. Furthermore, simply determining the sign effectively establishes the custodial representation of the Higgs boson. We find that h → 4 (4 ≡ 2e2µ, 4e, 4µ) decays have excellent prospects of directly establishing the overall sign at a high luminosity 13 TeV LHC. We also examine the ultimate LHC sensitivity in h → 4 to the magnitude of λW Z . Our results are independent of other measurements of the Higgs boson couplings and, in particular, largely free of assumptions about the top quark Yukawa couplings which also enter at 1-loop. This makes h → 4 a unique and independent probe of the electroweak symmetry breaking mechanism and custodial symmetry.
INTRODUCTION
The precise nature of electroweak symmetry breaking (EWSB) is one of the fundamental questions the LHC is poised to answer. Measurements of the recently discovered [1, 2] Higgs-like boson at 125 GeV are a critical component of this program, and the details of its interactions with the heavy gauge bosons, the W and the Z, are of particular importance. Measurements of Higgs decays indicate that its couplings to W W and ZZ pairs are mediated at tree level via the operators,
The couplings g Z and g W depend sensitively on the nature of EWSB. Though their values are predicted in the Standard Model (SM), other theories of EWSB give different predictions. The ratio of these couplings,
is a particularly useful quantity and gives crucial information on the nature of EWSB and the electroweak properties of the h(125) resonance. While decay rates can be used to probe the magnitude of λ W Z , interference effects are needed to probe the overall sign. Thus measurements by ATLAS and CMS of h → W W and h → ZZ decay rates for the 125 GeV resonance [3, 4] are sensitive to |λ W Z |, but they can not determine the overall sign. Combined measurements of the production channels gg → tH and gg → ZH allow one to potentially gain sensitivity to the overall sign of λ W Z [5] through interference effects, but this requires a fit of the observables in multiple channels as well as various assumptions about the presence (or lack) of effects from physics beyond the SM. Finally, the rate of these processes is quite small. It would thus be valuable to have an independent probe free of such considerations and that is directly sensitive to the overall sign of λ W Z . We propose to exploit tree level/1-loop interference effects in Higgs boson decays to four charged leptons (electrons and muons) as a new avenue for studying λ W Z . The sensitivity to λ W Z arises from interference between the tree level ZZ mediated amplitude and oneloop contributions involving the W boson. Since the interference depends linearly on λ W Z , this makes h → 4 (4 ≡ 2e2µ, 4e, 4µ) decays sensitive to both the magnitude and overall sign of λ W Z .
We can also consider the assumption that the Higgs scalar potential respects the well known 'custodial' global SU (2) symmetry [6] as implied by electroweak precision data [7] . In this case λ W Z depends only on the custodial representation [8] of h, which is restricted to be either a singlet as in the SM, or fiveplet as can be found in the well known Georgi-Machacek (GM) model [9] [10] [11] [12] and its supersymmetric incarnation [13] [14] [15] . As shown in [8] , this allows only two possibilities for the ratio:
While there are necessarily custodial symmetry breaking corrections [11, 12, 14] to λ W Z induced via hypercharge interactions at one loop, as well as Yukawa interactions at one or two loops depending on the electroweak representation of h, they are much too small to give the O(1) corrections needed to change the sign of the tree level predictions in Eq. (3). Therefore, a determination of the sign of λ W Z effectively establishes the custodial representation 1 of the Higgs boson. In this study, we utilize the h → 4 framework developed in [18] [19] [20] [21] [22] [23] [24] which uses all kinematic observables in the normalized fully differential decay width to perform a matrix element analysis of the sensitivity to λ W Z . We first briefly review how top and W boson loops enter into h → 4 . We then perform a likelihood analysis to estimate how much data will be needed to establish the overall sign of λ W Z independently of the top Yukawa sector. Since we are only interested in a ratio of couplings, we can take advantage of this to use only shape information. Thus, while rate information is not used, our analysis is largely independent of the uncertainties and assumptions associated with Higgs production effects.
Under minimal assumptions about the top Yukawa sector, we estimate that a 13 TeV LHC will begin to become sensitive to the overall sign of λ W Z in h → 4 decays with O(800) fb −1 of data. We also perform hypothesis testing to estimate how much data will be needed to distinguish between the two predictions of custodial symmetry given in Eq. (3) as well as estimate how much data will be needed to begin making precision measurements of λ W Z at the LHC or future colliders. In general we find that h → 4 decays should serve as a unique and complementary, but independent, probe of EWSB and custodial symmetry at the LHC and beyond.
LOOPS, EFFECTIVE COUPLINGS, AND BACKGROUNDS
Here we briefly review the most relevant aspects of how λ W Z enters into the h → 4 amplitude through the hV V effective couplings which mediate h → 4 decays (see Fig. 1 ) at both tree level and one-loop. A more in depth discussion of these and other one-loop effects contributing to h → 4 can be found in [24] to which we refer the reader for details. We also briefly summarize how the top Yukawa sector and dominant 4 background are incorporated into our analysis.
Loops and effective couplings
The decay of the Higgs to four leptons is mediated at tree-level by Z boson pairs (see left Fig. 2 ), while at oneloop the leading effects are mediated by W boson loops as shown in Fig. 2 (center) . There is typically a sizable contribution from top quark loops such as in the SM also shown in Fig. 2 (right) . This has been utilized to study the CP properties of the top quark Yukawa sector [24] by exploiting one loop/tree level interference effects. In a similar manner, in this study we utilize one loop/tree level interference effects to probe λ W Z .
The one-loop effects mediated by the top and W loops generate effective couplings to Z and photon pairs as shown schematically in Fig. 1 . This has been used extensively to study [18] [19] [20] [21] [22] [23] the spin of the Higgs as well as the CP and tensor structure of its coupling to gauge boson pairs. These effective couplings can be parameterized by the higher dimensional operators:
where F µν (Z µν ) is the usual field strength tensor for the photon (Z). If the Higgs has axial couplings to the top quark, CP odd operators with dual field strengths can also be generated. However, these will have little effect on the sensitivity to λ W Z since they are weakly correlated with the CP even operators into which λ W Z enters.
The operators in Eq. (4) capture the leading dependance in inverse powers of the loop particle mass, with higher order corrections being quite small [55] over much of the phase space for a 125 GeV Higgs boson. The momentum dependence can in principle be relevant in certain regions of phase space and factoring it in may aid in sensitivity, warranting closer examination once higher experimental precision is achieved. For present purposes in this initial study of probing λ W Z , it is sufficient for us to consider the form factors as constant in the loop momentum as done in [24] . In this case, and assuming an on-shell Higgs decay as well as fixed loop particle masses, the form factors are then functions only of the loop particle couplings to the Higgs boson, specifically g W and the top Yukawa coupling.
As has been emphasized in [21] [22] [23] [24] 52 ], due to having the same propagator structure as the tree-level amplitude, the sensitivity to the higher dimensional hZZ effective couplings in Eq. (4) is significantly weaker than for the hZγ and in particular hγγ effective couplings [23] . Furthermore, though the hZZ effective couplings receive contributions from top and W loops, there are also a number of other one-loop contributions involv-
Relevant contributions to the hV V effective couplings mediating Higgs to four lepton decays as shown in Fig. 1 . On the left is the tree-level contribution mediated by the Z boson pairs, while in the middle and right are example one-loop diagrams mediated by the W boson and top quark, respectively.
ing Z and Higgs bosons [56] [57] [58] . The already weak sensitivity to these hZZ effective couplings makes disentangling the contributions involving g Z and g W from other loop contributions to these couplings difficult. We will therefore simply model these loop effects with the c Z effective coupling 2 in Eq. (4) and treat it as a nuisance parameter in our statistical analysis of λ W Z . As was the case for the top Yukawa [24] and will be shown below, once sufficient statistics are obtained, the sensitivity to λ W Z is negligibly affected by whether or not we allow these ZZ effective couplings to vary. Thus, as was also the case for the top Yukawa [24] , the sensitivity to λ W Z is dominated by the contributions entering via c Zγ and especially c γ in Eq. (4) .
Unlike the top Yukawa couplings, the tree level coupling g W will also enter into other one-loop diagrams [56, 57] involving the W boson that cannot be parameterized by the operators of the type in Eq. (4), such as pentagon diagrams with photons connecting the final-state leptons or amplitudes involving box diagrams. There are also real photon emission effects in h → 4 [56] [57] [58] which can be non-negligible in certain regions of phase space, but which can also be included [55] . The key point however is that, in addition to being suppressed over most of the phase space [55] , these corrections do not contribute at one loop to the Zγ or γγ effective couplings in Eq. (4) to which we are most sensitive in h → 4 [22, 23] . We thus neglect them in this preliminary study, but including them may further aid in sensitivity and a detailed investigation of their effects will be worthwhile once enough data is obtained for higher precision measurements.
After the W and top loops, the next largest contribution to the effective Zγ and γγ couplings comes from the bottom quark contribution. This effect is suppressed by ∼ (m b /m t ) 2 in the matrix element relative to the top contribution, which is itself subdominant to the W loop. Thus, to a sufficiently good approximation, the Zγ and γγ effective couplings only receive contributions at this order from the W boson and top quark loops in Fig. 2 . Furthermore, in the limit of negligible loop mo-mentum effects in which we work, these are given simply by the effective couplings which control Higgs decays to on-shell γγ and Zγ pairs. These one-loop contributions have been computed for h → Zγ [59, 60] and h → γγ [61, 62] (including pseudoscalar couplings [63] for the top) and can be straightforwardly incorporated [24] into the analytic expressions for the h → 4 fully differential cross section computed in [20, 21] . With this we can go on to perform various statistical tests to assess the possibility of probing λ W Z in h → 4 decays. More details of this implementation can be found in [24] .
Comments on top Yukawa sector
As has been discussed, though we are probing λ W Z through the loop generated hZγ and hγγ effective couplings, there is generically also a top quark contribution. When attempting to establish λ W Z , we can assess the sensitivity given specific assumptions about the top Yukawa couplings. Ideally however, we would like to probe λ W Z and, in particular, establish its overall sign independently of the top Yukawa sector.
The top quark couplings to the Higgs can be parametrized generically with the operators,
where both CP even (y t ) and CP odd couplings (ỹ t ) are present and can in principle be positive or negative. The presence ofỹ t however, will have little effect on our results for the sensitivity to λ W Z . This is because it enters only into the CP odd hV γ effective couplings which, as discussed, are weakly correlated with the CP even effective couplings (see Eq. (4)) into which λ W Z enters. Thus, though we include CP odd couplings as nuisance parameters in our statistical analysis, we do not discuss them further here, but see [24] for a detailed discussion. The CP even Yukawa coupling y t on the other hand does enter into the same CP even hV V effective couplings in Eq. (4) and is therefore highly correlated with λ W Z . Thus, though we are not assessing the sensitivity to the top Yukawa sector [24] , how it is treated during our statistical analysis is crucial for assessing the ability to probe λ W Z in a model independent way using h → 4 decays. After inputing the numerical values for couplings and masses, the CP even c Zγ and c γγ effective couplings generated by the top and W loops 3 are given by [59] [60] [61] [62] ,
Here we see explicitly the way g W and y t are correlated and also the fact that having access to both the c γ and c Zγ effective couplings in h → 4 allows us to lift degeneracies in the (g W , y t ) plane. Clearly then, the assumptions we make about y t will greatly affect the sensitivity to g W and thus the ratio of couplings λ W Z . Generically the couplings in Eq. (5) can be treated as free nuisance parameters or fixed under certain assumptions, both of which we consider in this study. When treating the Yukawa couplings as nuisance parameters, we will make only the relatively conservative assumption that the magnitude of the top Yukawa couplings is O(2), but otherwise we treat them as free parameters (allowed to be positive or negative) before being integrated over. While larger Yukawa couplings could in principle be allowed, this can quickly lead to vacuum stability issues [66] [67] [68] whether they are positive or negative [69] . In addition, larger couplings risks running into conflict with experimental constraints [16, 70, 71] .
Comments on dominant 4 background
We have included the dominant irreducible non-Higgs background coming from the continuum→ 4 process [72, 73] . Though it enters almost entirely due to detector resolution [23] , it can have non-negligible effects. Thus in our statistical analysis the background fraction in a given data set is an additional parameter in the likelihood which must be accounted for. For this→ 4 background, we utilize the analytic expressions computed in [20, 21] and follow the procedure in [18, 23, 24] to build the complete signal plus background likelihood for both the 2e2µ and 4e/4µ channels. To approximate these resolution effects we have implemented a crude modelling of detector resolution 4 as described in [23] . We have also included the relevant phase space selection efficiencies which is necessary to accurately deter-3 Some sources, including [64] , have a sign flip in the definition of the two effective couplings. Here, we use a natural convention for the couplings based on the effective operators in Eq. (4) and emphasize that with this convention they have the same sign in the SM. This is in contrast to using the tensor structure to define the phase in which a sign difference between the couplings can arise. See Appendix B of [65] for a more detailed explanation. 4 For a more realistic analysis, careful treatment of detector resolution and additional background effects can be done with the framework in [52, 72, 74] , but is beyond our scope here and left to future work. However, these detector effects are not expected to qualitatively change our results [52] .
mine the background fraction. Since the efficiency depends on the p T and rapidity of the 4 system, this necessitates the inclusion of the dominant signal and background production mechanisms. For this we have utilized a FeynRules/MadGraph5 aMC@NLO [75, 76] implementation of the effective couplings in Eq. (4) which includes the relevant parton distribution functions (CTEQ6l1 [77, 78] ). Note however that in the final likelihood, production variables are not included and thus only decay information is used. Since we are interested only in ratios of couplings and not absolute magnitudes, this makes our analysis largely free of many of the uncertainties associated with Higgs production.
In computing the selection efficiencies we have considered both 'CMS-like' phase space cuts [72, 79] and a set of 'Loose' cuts as defined in [23, 24] which greatly relax the requirement on the lepton pair invariant masses, allowing them to be as low as 4 GeV.
5 Though these Loose cuts have been shown to increase the sensitivity in h → 4 [23, 24] , for many of the results presented here the conclusions are not qualitatively affected by which cuts are used so we do not discuss them in detail further. More details on the implementation of these cuts as well as the construction of the likelihood can be found in [18, 20, 21, 23] and in particular [24] whose procedure we follow closely here when building the signal plus background likelihood.
PROBING ELECTROWEAK SYMMETRY BREAKING AT THE LHC
We now examine different techniques to probe λ W Z with h → 4 decays at a 13 TeV LHC. We first perform a likelihood shape analysis of h → 4 decays to estimate how much data will be needed to establish the overall sign of λ W Z . We then perform hypothesis testing to assess the ability to distinguish between the two predictions of custodial symmetry for λ W Z shown in Eq. (3). Finally, we perform parameter extraction in order to assess more generally the sensitivity to λ W Z and estimate how much data will be needed to begin making precision measurements. More details on the discussion and statistical analysis procedures presented here can be found in [18] [19] [20] [21] [22] [23] [24] to which we refer the interested reader.
Pinning down the sign of λW Z Our first exploration begins with assessing how much data will be needed to pin down the overall sign of signal events and generated for the SM case with λW Z = 1. The shaded turqoise region indicates the area under the curve on the negative side of zero which is translated into a probability (see Fig. 4 ) that the sign of λW Z is negative. See text for more details.
λ W Z . As discussed, rate measurements can not determine this sign and furthermore, under the assumption of custodial symmetry it effectively establishes the custodial representation of the Higgs boson. Following the procedure described in [24] we construct the likelihood from the (normalized) signal and background fully differential cross sections. This likelihood is a function of the couplings (g Z , g W ) and the set of nuisance parameters (c Z , y t ,ỹ t ). A full likelihood is built for each pseudodataset, and integrated 6 over the different nuisance parameters to obtain the posterior likelihood as a function only of λ W Z . When generating pseudodatasets we consider two possibilities. The first is that the SM is the true underlying model which predicts λ W Z = 1. As a second case we also consider the other allowed possibility by custodial symmetry of λ W Z = −1/2. An example of the posterior likelihood is shown in Fig. 3 for one pseudodataset containing O(2000) signal events assuming the true underlying model is the SM.
We treat the normalized posterior likelihood as a probability density of the extracted true value of λ W Z . Given the observed pseudodataset, we obtain from the posterior 6 During this integration, we include a flat prior probability distribution function for yt which restricts its range to the (perturbative) values −2 yt 2, but where the boundaries are made 'soft' by placing gaussian tails centered at the two endpoints with σ = 0.5. More details on this procedure will be given in [80] . In purple we show the SM, while in green we show the case of a custodial fiveplet. In the light shaded bands the top Yukawa couplings are fixed to their true values. In the dark shaded bands the top Yukawa coupling is treated as a nuisance parameter and integrated over assuming a prior probability distribution which restricts its range to perturbative values as discussed in text. In both cases we have assumed SM production (gg → h plus VBF at 13 TeV [81, 82] ) times branching ratio and accounted for phase space selection efficiencies as well as the dominant→ 4 background.
likelihood a p-value that the true value of λ W Z is negative by taking the ratio of the area on the negative side of zero (shaded in turquoise in Fig. 3 ) to the total area. For each p-value we define a corresponding 'effective' σ by how much of the tail we have to integrate a (normalized) gaussian to get an equivalent area of p and converting that distance into an effective σ. This procedure is then repeated over many pseudodatasets giving a distribution of effective σ's which represent the probability that the sign of λ W Z is negative.
In Fig. 4 we show the distribution of effective σ's for two separate cases. A negative value for the effective σ indicates that the peak of the likelihood is on the negative side of λ W Z (as is the case for a custodial fiveplet) whereas a positive value represents a distribution centered on the positive side (as for a custodial singlet). The dot in each case indicates the median value, and the colored bands represent the central 68.3% interval of the distribution of effective σ's. In purple we show the SM while in green we show the case of a custodial fiveplet. For both cases we have considered two possibilities. The first (light shaded bands) is where the top Yukawa couplings are fixed to their true values as predicted in the SM (y t = 1) and for a custodial fiveplet (y t = 0). In the second case (dark shaded bands) we assume only that the CP even top Yukawa coupling is restricted to perturbative values which, as discussed above, is accomplished via the use of priors. In order to interpret in terms of luminosity, we have accounted for all relevant selection efficiencies [23, 83] while assuming SM production (gg → h plus VBF at 13 TeV [81, 82] ) times branching ratio into 4 .
We see in Fig. 4 that if the true underlying model is the SM (or something close to it) a 13 TeV LHC should begin directly pinning down the sign of λ W Z with as few as O(800) fb −1 of data and corresponding to O(1300) signal events for the more inclusive Loose cuts. We also see that, while the sensitivity is degraded, whether we treat the top Yukawa sector as a nuisance parameter which we integrate over or fix it to its true value, it does not qualitatively change this conclusion.
Of course when fixing the top Yukawa to its true value, we can establish the sign of λ W Z with more confidence. We see this in Fig. 4 where for the SM case an expected σ 4 can be obtained at very high LHC luminosities when the top Yukawa is fixed, while only σ 2 is expected when it is integrated over. As direct constraints on the top Yukawa from other measurements, such as tth production [16, 70, 71] increase in precision and further restrict the upper bound, stronger priors based on experimental data can be used during integration leading to an increase in sensitivity to λ W Z . We also see a stronger sensitivity to the SM case than to the custodial fiveplet case. This is of course because of the smaller value of |λ W Z | in the fiveplet case and implies O(1) or better precision measurements of λ W Z can be made in h → 4 at the LHC. We explore this more below.
We thus see that a high luminosity LHC has excellent prospects of directly establishing the overall sign of λ W Z in h → 4 decays. As discussed, under the assumption of custodial symmetry this also effectively establishes the custodial nature of the Higgs boson. Crucially, this does not rely on other measurements of Higgs couplings and is largely independent of assumptions about the top Yukawa sector.
Testing custodial symmetry
Motivated by considerations of custodial symmetry in the introduction and the discussion in [8] , we next consider hypothesis testing to assess how much data is needed to discriminate between the two possibilities for λ W Z predicted by custodial symmetry. As discussed above, this predicts λ W Z = +1 and λ W Z = −1/2 for a custodial singlet (as in the SM model) and fiveplet (as in the GM-type models) respectively. Since custodial symmetry restricts the possibilities to two discrete choices, this makes it particularly suited to hypothesis testing.
We use the hypothesis testing techniques developed in [36] and utilized in [19, 84, 85] to construct a test statistic that measures the separation power between the two models allowed by custodial symmetry. This is done by constructing the likelihood ratio between the singlet and fiveplet hypotheses. Pseudoexperiments are then conducted to obtain a distribution of these likelihood ratios. This is first done assuming the SM as the 'true' hypothesis and then repeated assuming the custodial fiveplet is true. In each case, a distribution of likelihood ratios is obtained after conducting a large set of psuedoexperiments. The overlap (or lack thereof) between these two distributions can then be converted into a measure of the ability to discriminate between the two models. We follow closely the procedure in [19] apart from the additional step that we now include the presence of nuisance parameters which will be integrated over [80] before constructing the likelihood ratio. Furthermore, here we will present our results in terms of p-values instead of σ's.
In Fig. 5 we show the probability of mistaking a SM Higgs (custodial singlet) for a custodial fiveplet or vice versa as a function of data. Since there are small (sub percent) differences in selection efficiencies between the singlet and fiveplet, we plot the approximate number of signal events 7 (N S on bottom axis) to go along with the luminosity (top axis). For this we have again assumed SM production (gluon fusion plus VBF) times branching ratio. For these curves we utilize the 'CMS-like' phase space cuts (red) and Loose phase space cuts (blue and green) discussed above and defined in [24] . In the green curve λ W Z and the top Yukawa couplings are fixed to their true values. In the red and blue curves the top Yukawa is again treated as a nuisance parameter and integrated over while restricting its magnitude to be 2 and fixing λ W Z to its true value.
We see that h → 4 decays should have the ability to discriminate between the two predictions of custodial symmetry for λ W Z at 95% confidence with O(3000) signal events corresponding to 2000 fb −1 of data. We see that the separation power between the two models is not greatly affected by whether we fix the top Yukawa couplings to their true values or treat them as freely varying nuisance parameters. The red curve also shows the fact that CMS-like cuts are somewhat less sensitive than the more inclusive Loose cuts [23] discussed above.
Sensitivity to |λW Z | at LHC and beyond
Using the parameter extraction methods developed in [21] [22] [23] [24] we examine more generally the sensitivity to In the red and blue curves the top Yukawa coupling is again treated as a nuisance parameter and integrated over as in Fig. 4 . Again we have assumed SM production (gg → h plus VBF at 13 TeV [81, 82] ) times branching ratio. Since there are small (sub percent) differences in selection efficiencies between the singlet and fiveplet, we plot an 'approximate' NS along with luminosity.
|λ W Z | as a function of the amount of data. For this analysis we follow very closely the procedure based on a maximization of the likelihood which is described in [24] to which we refer the reader for more details.
To estimate the expected precision we use as our test statistic the average error defined in [21, 23, 52] as,
whereλ W Z is the value of the best fit parameter point obtained by maximization of the likelihood with respect to λ W Z . Hereλ W Z represents the 'true' value with which our data sets are generated utilizing a MadGraph5 aMC@NLO [76] implementation of the effective hV V couplings [20, 21] . The average error is then found by conducting a large number of pseudoexperiments for a given number of (expected) events 8 and obtaining a 8 Each dataset varies in size according to a poisson distribution with mean at the expected number of events for each of the four components (2e2µ and 4e/4µ for signal and background). (7) versus the number of signal events (bottom axis) and luminosity × efficiency (top axis) for which we assume SM production (gg → h plus VBF at 13 TeV [81, 82] ) times branching ratio. We also show a second luminosity axis assuming the nominal efficiency (∼ 30%) for the Loose cuts discussed in text. In all cases we fit to a 'true' point of λW Z = 1 as found in the SM and include the dominant→ 4 background. See text for more information. distribution forλ W Z . This distribution will be centered around some average value with a width that is then translated into our average error as in Eq. (7). This definition converges to the usual gaussian interpretation of a σ when the distribution ofλ W Z is perfectly gaussian. We repeat this procedure for a range of number of signal events to obtain σ(λ W Z ) as a function of N S .
We show in Fig. 6 sensitivity curves for σ(λ W Z ) as a function of the number of signal events (bottom axis) and luminosity × efficiency (top axis) assuming SM production (gg → h plus VBF at 13 TeV [81, 82] ). We fit to a 'true' point of λ W Z = 1 corresponding to the SM prediction and again consider both CMS-like phase space cuts (purple) and Loose phase space cuts (orange, pink, and green) discussed above and defined in [24] . We also show a second luminosity axis assuming the nominal efficiency (∼ 30%) for the Loose cuts. We again compare the case where the top Yukawa coupling is treated as a nuisance parameter to when it is fixed (blue curve) to its true value. However, now we consider two separate cases when treating it as a nuisance parameter.
In the first case (pink and purple), we again use a prior to restrict the magnitude of the top Yukawa coupling to the physically viable values of y t 2 but otherwise allow it to vary freely. In the second case, no prior is applied to the top Yukawa sector and the couplings are allowed to take on any value when varied during the likelihood maximization procedure, including very large positive or negative values. Since y t is highly correlated with λ W Z , this introduces large errors at small data sets. Though we do not consider this case as physically viable, we show it for comparison and in particular, to demonstrate that eventually the sensitivity to λ W Z does not depend on whether a prior on y t is used. We see this at very high luminosity where the curves with and without priors begin to converge.
We see in Fig. 6 that O(1) precision on λ W Z may be achievable with ∼ 500 − 800 signal events depending on whether the top Yukawa is fixed to its true value or treated as a nuisance parameter with a prior restricting it to physically viable values. Assuming 100% efficiency and SM production rates, this would require 100 fb −1 , though more realistically ∼ 300 fb −1 will be needed. We also see as expected that once sufficient statistics are achieved, the sensitivity is much stronger when the top Yukawa couplings are fixed.
This also implies that as direct measurements of the top Yukawa coupling become more precise, such as from tth production [70, 71] , more restrictive priors on the top Yukawa can be used to enhance the sensitivity to λ W Z close to that achievable when fixing y t (blue curve). In this case, the ultimate LHC sensitivity could reach O(20% − 30%) again assuming 100% selection efficiencies and ∼ 3000 fb −1 . While the LHC may be able to achieve moderately high precision, clearly measurements of λ W Z with h → 4 decays would benefit greatly from a future 100 TeV collider where gluon fusion production would be more than an order of magnitude larger [86] .
CONCLUSIONS
We have examined the possibility of using Higgs to four lepton decays to study the ratio of its couplings to W W and ZZ pairs as defined in Eq. (1) and Eq. (2). This ratio, λ W Z , is a crucial parameter of electroweak symmetry breaking and a probe of the well known 'custodial' symmetry of the gauge boson mass matrix. Utilizing all observables in the normalized fully differential decay width, we have constructed a matrix element analysis in order to perform various statistical tests including: likelihood shape analysis, hypothesis testing, and parameter extraction to assess the ability of h → 4 decays to probe the magnitude and phase of λ W Z .
In particular, we have emphasized that this channel is a uniquely effective probe of the sign of λ W Z . Furthermore, we have emphasized that simply establishing the overall sign of λ W Z effectively determines the custodial representation of the Higgs boson. We have performed a likelihood shape analysis to estimate how much data will be needed to establish the sign at a 13 TeV LHC. We find that h → 4 decays will begin to become sensitive to the overall sign of λ W Z with as few as O(800) fb −1 assuming SM production and decay rates. As additional data is collected the LHC should be able to firmly establish the overall sign, and therefore the custodial nature of the Higgs boson, well before the end of running at a high luminosity phase.
We have also performed hypothesis testing to assess the ability to discriminate between the two predictions of custodial symmetry for λ W Z in Eq. (3) and find they can be distinguished at 95% confidence with 2000 fb −1 of data, again assuming SM production and decay rates. In addition, we have performed parameter extraction in order to assess the sensitivity to λ W Z and estimate how much data will be needed to begin making precision measurements. We find that a precision of O(20 − 50)% can potentially be achieved by end of high luminosity LHC running. We have also shown how the precision can be improved by utilizing prior probability distribution functions based on experimental and theoretical constraints on the top Yukawa couplings.
Finally, we have emphasized the ability of h → 4 decays to probe λ W Z without relying on other measurements of the Higgs boson couplings to electroweak vector bosons or the top quark. This makes h → 4 decays a unique and independent probe of electroweak symmetry breaking at the LHC and beyond at future colliders.
